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Abstract 
We study the effect of strain on the lithium diffusion barrier in diamond cubic Si using nudged-elastic band (NEB) method. The 
modified embedded atom method (MEAM) interatomic potential is employed to describe the interactions between Li and Si 
atoms. The activation barrier and minimum energy path is found to change significantly as the biaxial strain changes from 
compressive to tensile in nature. The local strain arising from the presence of neighboring Li atoms is found to affect the 
activation barrier even more. The Si-Si bond stretching and breaking events during Li diffusion are investigated to elucidate the 
change in barrier with changing local environment and strain. This study highlights that bulk strain as well as local strain arising 
from the presence of Li atoms in the vicinity of a diffusing Li atom can affect the Li diffusion constant by orders of magnitude. 
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1. Introduction 
 
An ideal lithium ion battery (LIB) anode material should meet several requirements, such as high capacity for Li, 
a low potential with respect to the cathode, long cycle life, low cost and environmentally safety [1, 2]. Si is 
considered as a promising LIB anode material because of its high energy-storage capacity. Si has a theoretical 
specific capacity of 4200 mAhg-1 which is nearly 10 times larger than that of graphite. Such large specific capacities 
result in larger specific energy densities. In addition, Si is relatively inexpensive due to its abundance on earth and a 
reasonably low potential. The main issue with use of silicon anodes in LIB is the large volume expansion in Si of up 
to nearly 400% during lithium insertion [3-6]. This results in fracture due to the formation of an unstable solid 
electrolyte interphase (SEI) growth on the Si surface [7, 8], loss of electrical contact between the active material and 
current collector, and pulverization or amorphization of the anode material. In order to mitigate some of these 
effects, research groups have attempted structural modification of Si in the form of nano-crystals [9], nanowires 
[10], nanotubes [11], core-shell nanofibers [12, 13], nanoporous materials [14], nanospheres [15], and Si/carbon or 
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Si/graphene nanocomposites [16, 17], which allows for volume expansion with reduced mechanical damage to the 
anode material. It is known that strain can affect diffusion in solid state materials, i.e., the lithiation/delithiation rates 
can change as the strain changes. However, the effect of strain on Li diffusion in Si is still poorly understood. 
Experimentally, it is known that phase transitions occur in Li-Si alloy during Li insertion as the Li composition 
changes. Consequently, the electrochemical performance of the anodes also change charge/discharge cycles. 
Molecular simulations are required to develop an understanding of the mechanisms of Li insertion/extraction with 
composition, diffusion pathways undertaken by the Li as it is diffused, effect of strain on Li diffusion process, and 
the role of molecular interactions between Li and Si atoms on the diffusion. There have been a number of theoretical 
studies in the past on electronic properties [18-20], surface effects [21, 22] of Li-Si alloys, stresses generated during 
Li insertion [23-31], volume expansion due to Li insertion [32, 33], formation of Li-Si alloys during Li insertion 
[34-45], and calculation of binding energy at different insertion position and diffusion pathway [45]. However, none 
of these studies have carefully investigated the effect of strain on the Li diffusion pathways and the diffusion barrier.  
Most theoretical studies are based on first-principles study using density functional theory (DFT). Even though 
DFT can provide accurate energies required for the calculation of the activation barrier, it is computationally 
expensive. Therefore, such calculations are typically performed with small system sizes containing up to 100 atoms. 
This introduces a challenge because long-ranged elastic strain effects which are known to significantly modify the 
diffusion coefficients of Li in Si cannot be studied with small system sizes. We believe that this is a major issue with 
current DFT-based studies of the Li-Si alloys. Instead we employ a classical interatomic potential so that we can 
study larger system sizes with lower computational cost. We focus our attention on low Li concentrations in Si. At 
such concentrations, Si has a diamond cubic structure. 
The aim of this work is to theoretically analyse lithium diffusion in crystalline Si by understanding the diffusion 
mechanism in the presence of bulk strain and the interactions between the Li-Si and Li-Li atoms. In our study, we 
model the Li-Si, Li-Li and Si-Si interactions using 2NN modified embedded atom method (MEAM) potential. The 
effect of strain on the lithium diffusion barrier in diamond cubic Si is studied using the climbing image nudged-
elastic band (NEB) method. This enables us to determine the role played by bulk strain and by local strain arising 
from Li atoms in the vicinity of a diffusing Li atom. We show that strain can dramatically affect the Li diffusion 
constant.  
The remainder of the paper has the following structure. In Sec. 2, we describe the implementation of the 2NN 
MEAM interatomic potential, perform validation of the MEAM potential and describe the climbing-NEB method 
used to find the minimum energy path between the initial and final position of the Li atoms. In Sec. 3, the results 
from the NEB calculations for Li diffusion are discussed. Finally, conclusions are presented in Sec. 4. 
 
2. Methodology 
 
We have employed the MEAM potential of Ref. [46] for Li-Si alloy. First, we validate the MEAM potential. 
Next, we briefly describe the NEB method we used for calculating the activation barrier. 
 
2.1. Validation of the second nearest neighbour (2NN) Modified embedded atom method (MEAM) potential 
 
In order to correctly describe Li and Si atomic movements and interactions during lithium insertion we need an 
interatomic potential that can accurately compute the basic material properties of LixSi, such as lattice constants, 
elastic constants and cohesive energies. The MEAM potential [47] is frequently employed for metal systems. The 
original MEAM potential [47] was an improvement over the EAM potential as angular terms to describe covalent 
nature of the bonding [48, 49] had been introduced. However, it had certain drawbacks since it predicted that the bcc 
structure is not the most stable structure for Li, which is incorrect. Lee and co-workers proposed the second nearest 
neighbour (2NN) MEAM interatomic potential [46] which can better describe the bcc structure.  
In MEAM, the total energy E of a system of a single type atoms is given by, 
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where iU  is the background electron density at site i, Fi is the embedding energy required at site i, ijI is pair 
interaction between atoms i and j at a distance Rij  and Sij  is the screening factor between atoms i and j. The density 
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iU  is given by a linear superposition of spherically averaged atomic electron densities and angular-dependent terms. 
This angular dependence enables covalently bonded systems Si to be described by the MEAM potential. The 
embedding function i iF ( )U is described by 
 
C
0 0
F( ) AE ln
U U U UU  (2) 
where A is an adjustable parameter, Ec is the cohesive energy and 0U  is the background electron density for the 
reference structure.  
Pure Si has diamond cubic crystal structure with a lattice constant of 5.427 Å [45]. Si retains the cubic structure 
at very low Li concentrations. The preferred positions for the Li and Si atoms are as follows. A Li atom can be 
placed in a unit cell of Si crystal at different sites shown in Fig. 1. These include the tetrahedral site (Td), hexagonal 
site (Hex), centre position between a Si-Si bond (Bc) and centre of the distance between next nearest silicon 
neighbours (Cn) [45, 50]. In Fig. 1, the orange, green and brown spheres represent the corner, face-centred and 
tetrahedral positions, respectively, for the Si atoms. Here the red sphere denotes the tetrahedral site (½, ½, ½), the 
dark blue sphere denotes the hexagonal site (5/8, 5/8, 5/8), the sky blue sphere denotes the bond-centre site (1/8, 1/8, 
1/8) and the brown sphere denotes the centre of the distance between next nearest silicon neighbours site (1/4, 1/4, 
0).  
We tested the MEAM potential by computing the binding energy for Li for different insertion sites. The binding 
energy per Li atom Eb(n) is calculated as 
LiSib n Si
E (n) = [E - E ] / n  where 
LiSin
E is the total energy of the system 
containing n Li atoms and 1728 Si atoms and ESi is the total energy of the bulk Si system with 1728 atoms. A lower 
value of the binding energy corresponds to an energetically favourable site for Li. A single Li atom was inserted into 
a 6x6x6 super cell of bulk Si with 1728 Si atoms. Table 1 displays the calculated binding energies for lithium in 
different sites. From the binding energy listed above it is clearly indicated that the tetrahedral position is the most 
energetically favourable site. This is in agreement with literature values obtained using DFT [45, 50]. We find that 
although the MEAM energies are quantitatively not in agreement with DFT, however, MEAM does capture the 
correct trend for the relative stability of the sites. This indicates that the structure obtained from the MEAM 
potential will be physically relevant.  
We calculated the total energy of a system consisting of 6x6x6 super cell of bulk Si with 1728 Si atoms and 
different number of Li atoms. The Li atoms were inserted at the tetrahedral sites in same unit cell. It is known that 
the energy of the system decreases as more Li atoms are inserted, i.e., the insertion of Li is thermodynamically 
favourable. Fig. 2 shows the total energy of the system decreases when Li occupancy increases. In our study of the 
activation barrier, we only focus on the cases where either one Li atom or two Li atoms are present. Clearly, we find 
that the MEAM potential provides the correct behaviour for the Li-Si energies. A stronger test for the energies from 
the MEAM potential is performed next, where we compute the activation barriers. 
 
 
 
Fig. 1. Insertion sites for Li atoms in a Si unit cell. The positions for the Si atoms are also shown. 
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Table 1. Binding energies for Li at different sites in bulk Si system in eV using DFT (from Ref.[50]) and MEAM (this work). See Fig. 1 for 
understanding the notation used in the table for the sites. 
 
Position Binding Energy (eV, from 
Ref.[50]) 
Binding Energy (eV, using 
MEAM) 
Td -1.15 -0.17 
Hex -0.60 0.38 
Bc 1.27 0.98 
Cn 1.39 1.02 
 
We also computed the cohesive energy for different Li compositions in the LixSiy system and compared the 
cohesive energies to value obtained in Ref. [46]. Note that the crystal structure of the Li-Si alloy changes for the 
compositions that were studied. The lattice constant for the crystal structure was found by obtaining the Murnaghan 
equation of state. Table 2 shows the lattice constants obtained from the MEAM potential. The cohesive energy for 
different LixSiy structures from the MEAM potential and from Ref. [46] are also shown. It is evident cohesive 
energies are very close to each other. This further confirms that the MEAM potential is able to describe the system 
with reasonable accuracy. 
 
 
 
Fig. 2. Total energy is plotted against the number of Li atoms at Tetrahedral (Td) sites in bulk Si system containing 1728 Si atoms. The energy is 
obtained after performing an energy minimization calculation. 
 
Table 2. Lattice constants and cohesive energies obtained from the MEAM potential for different LixSiy phases. 
 
LixSiy a b c Ec 
(in eV, from Ref. 
[46]) 
Ec (in eV, MEAM) 
Li1Si1 9.356 9.356 5.742 3.301 3.19 
Li15Si4 10.616 10.616 10.616 2.466 2.26 
Li12Si7 8.553 19.647 14.317 2.950 2.64 
Li13Si4 7.993 15.103 4.427 2.412 2.22 
 
2.2. Nudged Elastic Band (NEB) method 
 
When a Li atom moves from one tetrahedral site to a nearest vacant tetrahedral site it encounters an energy 
barrier. In our past studies, we have found that the local environment plays an important role in determining the 
barrier and the rate constant. We expect a similar behaviour here, i.e., we expect that when a Li atom is present in 
the vicinity of the hopping Li atom, the activation barrier can change. Similarly, the activation barrier can change 
due to the presence of bulk strain in the material. We have employed the climbing-image Nudged Elastic Band 
(NEB) method [51] in this work to understand the change in the minimum energy path and activation barrier. The 
initial and final states are both local minimum in the potential energy surface. We obtain these states by inserting the 
Li atom(s) in the tetrahedral sites and then perform an energy minimization calculation. The energy minimization is 
performed using the limited memory BFGS method. In order to perform the NEB calculation, 25 images of the 
system starting from the initial to the final state are used to find the minimum energy path. A spring constant in the 
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range of 0.1-1 eV/Å2 is employed. We perform an optimization calculation in which all images, except for the first 
and last, are simultaneously allowed to relax.  
 
 
 
Fig. 3. Schematic showing the hop movement of a Li atom from a tetrahedral site to another tetrahedral site. (a) Only one Li atom present. Hop 
from site denoted Li(1) to Li(2) through the hexagonal ring in the unit cell (termed as within channel) and hop from site denoted Li(2) to Li(3) 
(termed as across channel movement of Li atom are shown; (b) Two Li atoms are present. One Li atom hops from site Li(1) to Li(2), while the 
other Li atom is present at the site Li(3); (c) Two Li atoms are present. One Li atom hops from site Li(2) to Li(3), while the other Li atom is 
present at the site Li(1). 
 
Fig. 3 shows the types of Li atom movements studied in this work. A single Li atom is allowed to hop from one 
tetrahedral site to another tetrahedral site. Fig. 3a shows the case where a single Li atom is present in the unit cell. 
One movement we have studied involved the hopping Li atom to pass through the hexagonal ring in the unit cell 
(formed by the Si atoms 13, 18, 12, 15, 9 and 17). Such a move is referred to as within channel movement. The 
movement undertaken by the Li atom is shown by the red sphere as it hops from the site denoted from Li(1) to the 
site Li(2) is shown. The arrows show how the Li atom hops from one site to the other. The other type of move we 
have studied involves the Li moving out of the unit cell from site denoted Li(2) to site Li(1). We refer to this move 
as across channel movement. Fig. 3a also shows other Si atoms in the unit cell which are common to both within 
and across channel moves. Spheres numbered 1- 8 are corner Si atoms, spheres 9-14 are the face-centered Si atoms, 
and spheres 15-18 are tetrahedral Si atoms. Fig. 4 shows the energy diagram for the two types of moves when a 
single Li atom is present. It is observed that the activation energy barrier for the Li hop in both cases is 0.58 eV in 
the absence of bulk strain. This is in agreement with previous DFT-based barriers (Ref. [50]). We conclude that the 
MEAM potential is able to obtain the activation barrier reasonably well. 
 
 
 
Fig. 4. Energy diagram for Li atom hopping within channel and across channel with 0% biaxial strain. Four cases are shown: (a) circles and 
squares denote the Li within channel and across channel moves when a single Li atom is present, respectively; while (b) diamonds and triangles 
denote the Li within and across channel moves two Li atoms are present. 
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3. Results 
 
In this section we discuss the energy diagram and minimum energy path when a single Li atom hops from one 
tetrahedral site to a nearest vacancy tetrahedral site. The effect of nearby Li atom that is not hopping is studied. 
Next, we study the role of bulk strain on the activation energy barrier. 
 
3.1. Energy diagram and minimum energy path for Li diffusion in bulk Si  
 
Fig. 3a shows the Li atom hopping within and across the channel when single Li atom is present in the unit cell. 
It is evident that the Li atom does not move in a straight line from one tetrahedral site to the vacant tetrahedral site. 
In the case of the within channel move, the Li atom passes through the hexagonal Si ring in the unit cell, reaches the 
vacant Si tetrahedral position, and then moves towards the vacant Li tetrahedral site. The energy diagram in Fig. 4 
shows that there is an intermediate state between the initial and final position. The Li atom situated at the vacant Si 
tetrahedral position corresponds to the intermediate state. There are two saddle points in the energy diagram. These 
saddle points correspond to hexagonal sites for Li. The activation barrier is obtained as the difference between the 
saddle point and the initial state energy. Both within and across channel moves result in a similar energy diagram. 
Fig. 3b and c denote the Li atom move in the presence of a second Li atom. In Fig. 3b, the hopping Li atom 
moves from the site denoted Li(1) to Li(2), i.e., it is a within-channel move, while the second Li atom is present at 
the site denoted Li(3). In Fig. 3c, the hopping Li atom moves from site denoted Li(2) to Li(3), i.e., it is an across 
channel move, while the second Li atom is present at site denoted Li(1). The movement of the Li atom is shown by 
arrows in Fig. 3b and c. It is observed that once again the minimum energy pathway passes through Td-Hex-Td sites. 
However, the energy diagrams for these moves shown in Fig. 4 clearly demonstrate that there is an effect of the 
nearby Li atom. We find that the energy of the initial state of the system is lower when two Li atoms are present than 
the energy for the single Li atom (as mentioned earlier). Interestingly, it appears that the presence of the second Li 
atom introduces new energy basins in the potential energy surface. For instance, we find that the NEB images 2-8 
and 18-24 for the across channel move have an energy lower than the initial and final state. A small barrier is present 
as the system moves from NEB image 1 to 2. The intermediate state is still present along the minimum energy path. 
The intermediate state energy is close to the initial and final state energy. A similar behaviour is observed for within 
channel moves. We attribute this change in the energy diagram to the opening-up of the Si hexagon ring when the 
second Li atom is present. This allows the hopping Li atom to relax to a lower energy state. Furthermore, the saddle 
points are not as high as in the single Li atom case (within channel move). The difference in the within and across 
channel moves are attributed to the way the hexagonal ring is oriented with respect to the second Li atom. The 
activation barrier is computed from the saddle point energy in and the lowest energy in the energy diagram. We find 
that the activation energy barrier is 0.175 eV in the absence of bulk strain for Li diffusion within channel in presence 
of a second Li atom. This corresponds to a low barrier atomic move. For Li diffusion across channel in presence of 
another Li atom, the activation energy barrier is found to be 0.65 eV at zero strain. Clearly, the direction and local 
environment of the hopping Li atom strongly influences the activation barrier. 
 
3.2. Effect of bulk strain on activation energy 
 
We repeated the same calculation discussed in Sec. 3.1 using different biaxial strains namely -2,-1, 1 and 2%. 
The Poisson ratio for Si used in our calculation is 0.34. This value of the Poisson ratio is close to the experimental 
value of 0.28 for Si. 
Fig. 5 a-c shows the energy diagram for the Li atom hop with channel when a single Li atom is present. It is 
observed that the energy of the system increases as the strain increases. Similar behaviour is observed with a Li 
atom hop across channel (shown Fig. 5 d-f). The activation barrier obtained from Fig. 5 is plotted in Fig. 6 in terms 
of the strain. It is observed that the activation barrier is lowered by as much as 0.05 eV when a -2% biaxial strain is 
present. The activation barrier increases as the strain increases to 0%. The activation barrier decreases as the strain 
increases to 2%. The movement of the Li atom is complicated by the relaxation atoms in the vicinity. Consequently, 
it is not straightforward to identify the role played by the various Si-Si bonds in the local environment of the 
hopping Li atom. We believe that as the Li atom moves within channel from its initial state, the largest change in the 
energy arises from the interaction between the Li atom and the Si atoms 9, 17, 12 and 15. In particular, we observe 
visually that the bonds between atoms 9-17 and 12-18 in Fig. 3 are stretched at the saddle point. At -2% strain, these 
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bonds are compressed. However, at the saddle point the presence of Li causes the bond to stretch closer to the 
equilibrium Si-Si bond length. Even though the compressive biaxial strain increases the overall energy of the 
system, the saddle point energy is lowered to some extent because of this fact. Hence, we find that the activation 
barrier increases as the strain increases from -2 to 0%. When a tensile biaxial strain is applied, there is more room 
for the Li atom to move. The saddle point energy is somewhat lowered because of this, even though the bulk strain 
will lead to an overall increase in the system energy. Hence, we find that the activation barrier decreases as the strain 
increases from 0 to 2%. Similar arguments can explain the behaviour observed with the across channel move. 
We obtain the rate constant for a process at different strain from Arrhenius rate expression a Bk= υexp( )-E / k T  
where υ is the pre-exponential factor, Ea is the activation energy barrier, T is the system temperature and kB is the 
Boltzmann constant. Assuming the pre-exponential factor to be 1013 sec-1 and temperature is 300K, we find that for 
0% strain and an activation barrier of 0.58eV, the rate is 1.8x103 sec-1. For 1% strain, activation energy barrier is 
0.54 eV, the rate of the process increases by almost 4 times to 8.5x103 sec-1.  It is interesting to note that when the 
barrier is 0.175 eV (as shown in Fig. 4) the rate constant can be as large as 1.1x1010 s-1. Such a large change in the 
rate constant can dramatically affect the diffusion constant.  
 
 
 
Fig. 5. Energy diagram for single Li atom hopping a-c) within channel and d-f) across channel in the presence of different values of biaxial strain. 
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Fig. 6. The activation barrier for Li hopping Ea is plotted against the biaxial strain for single Li atom hopping within channel and across channel. 
 
3.3. Effect of strain on Si- Si bond-length during Li diffusion in bulk Si  
 
The presence of Li atom creates local strain in the system. We find that Si-Si bonds between atoms 9, 12 and 15 
in Fig. 3 are either compressed or stretched by a large amount to allow the Li atom to move from its initial state to 
final state during within channel movement. Initially when Li atom is at initial state for within channel movement, 
the two Si-Si bonds far from the lithium atom have bond-length of 2.45 Å [50]. Due to presence of Li atom in the 
local environment, the 9-15 and 15-12 Si-Si bonds are initially stretched and then later compressed. As Si-Si bonds 
are stretched, the activation energy barrier also changes. The same behaviour is observed during Li hopping across 
the channel. We believe that the change in energy along the minimum energy path is primarily due to the stretching 
or compression of the bonds.  
 
4. Conclusions 
 
Nudged elastic band calculations for Li atom hop from a Li tetrahedral site to a nearest vacancy tetrahedral site 
were performed in the presence of bulk strain as well as local strain arising from the presence of a nearest neighbour 
Li atom. We find that the presence of a nearby Li atom can dramatically change the activation barrier and the rate 
constant. In comparison, the effect of bulk strain is to change the activation barrier by as much as 0.05 eV. This will 
result in a change in rate constant by a factor of 10. Thus we conclude that kinetic models that capture the effect of 
both bulk and local strain need to be developed so that the insertion and removal of Li in Si can be accurately 
predicted. 
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